This study examined spontaneous respiratory rate and variability as a function of age and sleep state in eight normal fullterm infants. Each infant was admitted at 5 0 0 PM to the sleep laboratory for 12-hr monitoring sessions during the first week of life and at 1, 2, 3, 4, and 6 months of age. Both sleep and cardiopulmonary variables were recorded. A Beckman pCO, monitor sampled expired gas through a miniature cannula taped under the infant's nostrils. Peaks and troughs of breaths were measured by a computer peak sensing program. Median respiratory rates and interquartile ranges of breath intervals for each minute were determined. Each minute was coded as quiet sleep (QS), active sleep (AS), waking (AW), and indeterminate state (IN). Respiratory rates and variability were highest during the first week of life. They declined during the next 2 months and began to level out at 3 months of age (Table 3) .
Summary
This study examined spontaneous respiratory rate and variability as a function of age and sleep state in eight normal fullterm infants. Each infant was admitted at 5 0 0 PM to the sleep laboratory for 12-hr monitoring sessions during the first week of life and at 1, 2, 3, 4, and 6 months of age. Both sleep and cardiopulmonary variables were recorded. A Beckman pCO, monitor sampled expired gas through a miniature cannula taped under the infant's nostrils. Peaks and troughs of breaths were measured by a computer peak sensing program. Median respiratory rates and interquartile ranges of breath intervals for each minute were determined. Each minute was coded as quiet sleep (QS), active sleep (AS), waking (AW), and indeterminate state (IN). Respiratory rates and variability were highest during the first week of life. They declined during the next 2 months and began to level out at 3 months of age (Table 3) .
The state-relationship was not homogeneous at all ages. Respiratory rates and variability during wakefulness were always higher than those during sleep states. The strongest relation between respiration and sleep states was found between birth and 3 months of age. QS values were uniformly low, and those of AS and IN minutes were intermediate between AW and QS.
Speculation
Respiration rates and variability decreased linearly between birth and three months of age. The differences between the developmental course of respiratory rates and variability between 1 and 3 months reported here and cardiac rates and variability previously reported in the same infants suggest a difference in the central nervous system modulation of these systems.
Early studies of respiration in infants are characterized by a lack of systematic attention to sleep states (3, 4, 15) . Monod and Pajot (14) , Parmelee et al. (16) , Roffwarg et al. (20) , and Prechtl et al. (18) were among the first to establish conclusively the significant state modulation of respiratory rate and variability in infants up to 8 days of age. During the QS state, Prechtl et al. (18) reported breathing rates between 34 and 40/min, whereas during AS, the range increased to 42-60/min. Breath to breath variability was found to be less during QS than during AS. These studies are restricted to the newborn period.
Another variable found to influence baseline respiratory rates is the feeding or prandial cycle. Ashton and Connolly (2) found higher breathing rates during the time period immediately after feeding as compared to the remainder of the interfeeding time in all sleep states. Again, these studies were restricted to newborn infants. The lack of systematic studies in older infants has precluded assessment of the theoretical and clinical significance of early developmental respiratory patterns. A long term continuous monitoring paradigm is particularly suited for evaluation of the relative effects of state and feeding, as well as the emergence of a circadian modulation. Such normative data are essential for subsequent identification of abnormal breathing patterns.
The present report is the second in a series of papers which will describe polygraphic measurements during the first 6 months of life. It will focus upon the influence of age and sleep waking states on respiratory rate and variability.
MATERIALS AND MONITORING PROCEDURE
Eight neurologically normal infants of gestational ages between 39 and 41 weeks and with 1-min Apgar scores of 8 or 9 participated in this study. Five were females and three were males. Birth weights ranged between 3040 and 4110 g. The infants were full-term and weights were appropriate for gestational age according to the intrauterine growth curve of Usher and McLean (23) . Each infant was admitted at 5:00 PM to the sleep laboratory for 12-hr, all night monitoring sessions during the first week of life and at 1, 2, 3, 4, and 6 months of age.
Informed consent was obtained from the parents. Table 1 shows the mean and SD of ages at the time of monitoring.
Monitoring was carried out in a darkened room which was adjacent to the room containing recording equipment. Room temperatures ranged between 23" and 25". The infants were usually fed during preparation for monitoring and application of electrodes. Newborn infants were swaddled and arm restraints were applied to older infants before the initiation of recording. Sleep onset was variable among infants and ages; however, on most occasions infants fell asleep immediately. A demand feeding schedule was followed. In several instances the infant was breastfed; this did not interrupt the monitoring. The infants were observed continuously during recording with the use of a low illumination television camera and monitor. Behaviors such as closing or opening of eyes, startles, crying and vocalization, and nursing interventions were charted on the polygraphic paper.
PHYSIOLOGIC RECORDING METHOD
Both sleep and cardiopulmonary variables were monitored. The former included two EEG derivations, a chin electromyogram, eye movements, and gross somatic activity (9) . Thoracic 20 or abdominal excursions were monitored by impedance pneumography (Gould, Inc., Instrument Systems Division, Los Angeles, CA). Two disposable electrodes were placed bilaterally on either side of the chest or abdomen, depending on which area showed the largest respiratory excursion during normal breathing. In addition, a Beckman pCO, monitor sampled expired gas through a miniature cannula taped under the infant's nostrils (Beckman Instruments, Palo Alto, CA). In order to adjust for the timelag inherent to this instrument, air passage was simultaneously detected with a thermistor placed into one arm of the cannula.
Data were recorded on a 16-channel Grass model 7 6 polygraph (Grass Instruments Co., Quincy, MA) and simultaneously stored on a 14-channel Honeywell analog tape recorder (Honeywell, Test Instruments Co., Quincy, MA), together with an IRIG E time code (Systron Donner Corp., Concord, CA) for future computer analysis.
ANALYTIC METHODS Data on the analog tapes were processed by a PDP-12 computer (Digital Equipment Corp., Maynard, MA). The respiratory signal derived from the three respiratory measures was digitized at 8 samples/sec and stored on industry-compatible magnetic tape, together with digitized values of other physiologic measures. Although three estimates of respiration were obtained, the pCOz signal proved to be the most useful for this analysis, since movements of the infant did not greatly affect the signal quality. Peaks and troughs of breaths were measured by a peak sensing program developed by Mason et al. (10) . Breathing intervals were then determined as the time between peaks. A s expired CO, rather than tidal volume was being measured, the peak as identified by the C 0 2 sensor was not necessarily a fixed point in the breathing cycle. The potential error introduced by this methodology is negligible compared to the magnitude of the respiratory variability across 1 min (Fig.  1 ). Rates were determined for the entire 12-hr period. The interquartile range of these same intervals was chosen as a measure of respiratory variability, expressed in breaths per min. Minute-by-minute values for median respiratory rate and varability over the entire 12 hr (720 data values) were plotted on an incremental plotter (Houston Instruments, Bellaire, TX).
Each minute of the record was coded by trained personnel into QS, AS, A W , o r IN. Although sleep states can be easily identified both behaviorally and physiologically in adults, infant recordings pose greater problems in sleep state definition. Sleep spindles, reliable indicators of quiet sleep in adults, are an Figure  2 . The ordinate represents breaths per min. The variability is highest in the newborn period. The periodic fluctuations in respiratory variability are more pronounced than those in respiratory rate. respiratory tracing occasionally disappeared entirely, indicating a complete shift to mouth breathing. The resulting long respiratory pause would give erroneous results. T o deal with this problem, long episodes of crying were deleted from the analysis. When crying episodes were less than 3 successive minutes in duration and the signal disappeared, the mean of the preceding and the following minute was used as interpolated value. The respiratory signal was almost always preserved (although with lower amplitude) throughout short cries and vocalization and could thus be calculated. The use of median rather than mean values provided some degree of protection against aberrant data. In all cases, the polygraphic records and, in particular, the chart notations and the impedance respiratory signal, provided final reference for artifact evaluation. Except for those minutes of artifactual data removed (ranging between 0 % and 8%), respiratory intervals over the entire 12-hr record were used to derive results.
Developmental trends and the effects of state on respiratory rate and variability were assessed with an analysis of variance (6) and a multiple regression program. The Duncan multiple range test was used to evaluate selective mean values at a 5% level of significance (7) .
RESULTS
The respiratory rate in infants at all ages studied exhibited periodic fluctuations. Figure 2 shows median respiratory rates across six 12-hr monitoring sessions for one representative infant. Peaks in respiratory rate occurred approximately every hour in the newborn and I-month recording. At subsequent ages intervals between peaks increased. Minute-by-minute respiratory variability, as measured by the interquartile range, is shown in Figure 3 . Periodic modulation throughout the 12-hr records was again pronounced. Respiratory rate and variability decreased across the agespan studied. Respiratory rate and variability were greatest when the infant was awake, lowest during QS, and intermediate during AS (Fig. 4) .
When group means for each age and state were compared, a developmental trend emerged, as presented in Figure 5 . The results of the analysis of variance are outlined in Table 2 . Comparisons of individual means revealed that respiratory rates were highest during the first week of life. A sharp decline occurred during the next 2 months; rates at 3, 4, and 6 months were similar. Variability in breathing also showed a decline and values again leveled out at 3 months of age.
The respiratory parameters under investigation showed staterelated characteristics, but they were not homogeneous at all ages. Respiratory rates during the awake stati were always significantly higher than the rates determined from sleep states, except during the first week of life. At this early point in development, the rates for A S and A W were similar. During sleep respiratory rates in QS represented the lowest values recorded for the first 2 months of life ( P c0.05). Thereafter, rates in QS differed significantly from AS, but not from IN episodes. Between 3 and 6 months of age, state-related differences were minimal. At 6 months of age, values began to diverge again. The rates during IN epochs most resembled AS rates at all ages. At 3 and 4 months, however, the IN rates could not be reliably differentiated from the respiratory rate during QS epochs.
HOURS Fig. 4 . The plot of state codes assigned to each minute was compared with the minute-by-minute respiratory rate (top) and variability (bottom) graphs. The highest respiratory rates were observed during periods of wakefulness, followed by rates during periods of active sleep. Individual differences in respiratory rate were large, especially during the first 2 months. At 3 months values became more homogeneous during sleep, as can be seen from the SD in Table 3 . A correlation between sex o r birthweight could not be established.
The similarity between the developmental curves of rates and variability led us to examine the effect of rate on variability. In order to assess whether o r not developmental changes in variability were dependent on concurrent changes in rate, variability was examined at 25 and 30 breathslmin at each age. This analysis demonstrated that variability decreased independent of respiratory rate between birth and three months of age in AS; however, in QS variability remained the same once rate was controlled.
DISCUSSION
From birth to 3 months of age respiratory rates and variability decreased in all states. Values were clearly state-related with the highest rates and largest variability observed during wakefulness, and the lowest during QS. From 3-6 months of age the infants were surprisingly stable. First, no developmental changes in respiratory rate and variability were observed. Second, the infants began to resemble a homogeneous group during sleep, with the large intrasubject differences restricted to wakefulness.
During the first week of life we found a mean respiratory rate during QS and A S of 38.2 and 50.5 breaths per min, respectively. These rates are comparable to those reported by Prechtl et al. Values for wakefulness can also be compared to those reported in earlier studies. Waking respiratory rates during the first week of life obtained by Murphy and Thorpe (15) ranged between 4 2 and 7 6 breaths per min, which agrees well with the range of 40-68 in our study. Deming and Washburn (4) found a wider range of waking respiratory rates, from 46-108 breaths per min, with a mean of 5 9 in a group of infants of variable age studied from 1 day to 13 weeks. We found mean rates of 50, 48.1, and 4 7 . 6 during the first 2 months with a decrease to 4 0 . 6 breaths per min between 2 and 3 months. Paul et al. (17) focused upon QS rates alone. A s infants were monitored repeatedly up to 3 months of age, this study is the most comparable t o ours. These authors stressed differences between respiratory rates at the beginning and end of a QS episode. They reported stable average rates of 28 breaths per min at the termination of QS episodes from 6 weeks of age on. Average QS onset values increased between 6 weeks and 5 months of age and ranged between 32 and 37 breaths per min. The results obtained in our study lie between these values, a difference which can probably be explained by the disparity in QS episodes sampled in the two studies. Paul et al. (17) monitored rates during three cycles after evening feeding, whereas the rates reported here were average values over 12 hr for as many as seven o r eight sustained QS episodes. During the ages examined by us a modulation of QS respiratory rates emerged with lowest rates between 10:OO P M and 3:00 AM; these minima were included in the averages reported here. 
Mean

SD
An increase in heart rate after feeding has been reported in the 1-week-old and 1-month-old infants in this series (1 1). Respiratory rates were also higher after feeding and, since the time between feedings lengthens as the infant grows older, one would expect some decrease in respiratory rate. The maturational changes in respiratory rate described here include the effects of normal feeding patterns during the night.
Respiratory rates and variability were strikingly similar, both in terms of the course of development and sleep state correlation (Figs. 5 and 6 ). Although respiratory variability was used as a criterion for state, this criterion was identical for all age groups examined; this obvious circularity with respect to state definition should not obscure the significance of changes observed over age. Variability was found to decrease independently of rate between 1 week and 3 months, but only in AS. The infant not only spent a larger percentage of time in AS during the first weeks of life, but the quality of AS was different.
The underlying mechanism and the relationship between state and respiration are of clinical interest. Both state and respiratory parameters seem to be affected by similar pathologic conditions in infancy. Radvanji et al. (19) studied premature infants wtih and without assisted ventilation. Assisted ventilation led to an increase in AS, whereas abnormal biochemical conditions such as base deficit and acidosis led to an increase in QS. Dittrichova et al. (5) established that respiratory rates were still faster at 6 months in premature infants who had RDS and in small for date infants as compared to full-term and healthy premature infants.
The maturation of respiration described here followed a different course than that of cardiac measurements described earlier in the same infants (9) . Although a quadratic function provided the best fit for the developmental course of heart rate and variability, a linear function best described the maturation of respiration. These results agree with the report of Evsywkova (8), who in a study of full-term infants found an initial increase in heart rate between birth and 10 days of age, and a steady decrease in respiratory rates. The difference between cardiac and respiratory ontogenesis raises questions about the functional relationship between these vegetative systems during develop ment. A transient dissociation between 1 and 3 months of age in the development of central nervous system control mechanisms for these two functions is one hypothesis to explain this observation. Another could invoke differential rate of maturation of vagal and sympathetic nerves.
Two considerations resulting from these findings deserve emphasis or further study. First, the sleep, waking state of the infant must be considered in order to accurately evaluate respiratory function. Secondly, on the basis of respiratory variability, the first weeks of life can be considered unlike any subsequent age. This suggests that there are at least three relatively discreet stages of development: a newborn period, early infancy (1-3 months), and later infancy.
CONCLUSION
Spontaneous respiratory rate and variability were determined as a function of age and sleep state in eight normal full-term infants, from birth to 6 months of age. Respiratory rates were highest during the first week of life, decreased linearly between birth and 3 months of age, and stabilized thereafter. Respiratory variability followed a similar pattern. The strongest correlations between respiration and sleep states were found between birth and 3 months of age. AW was characterized by the highest values for both rate and variability and QS by the lowest values. The values for IN most resembled those of AS at all ages except at 3 and 4 months, when rates for I N epochs resembled QS states. Variability values for the I N epochs were different from those of both AS and QS in the 1-week recordings. AS was accompanied by a relatively greater respiratory variability in the first week of life than at older ages. Since the. regulation of respiratory activity is greatly modified by sleep and waking behavior, states must be considered in the measurement of these parameters.
